Abstract: Eight sunflower genotypes were analyzed to estimate correlation values for nine agronomic traits. Path analysis was used to partition the correlation values into direct and indirect effects on seed yield in two pollination tests (open and restricted pollination). In both tests, there were significant (p<0.05) positive correlation values between seed yield and head diameter, head mass, number and mass of achenes per head and first and last count of germination. There was no correlation (p≥0.05) between seed yield and 1000 seed weight in both pollination tests. Oil content was not correlated (p≥0.05) with seed yield in the open pollination, but it was positively correlated (p<0.05) in restricted plants. The path analysis, in both pollination tests, indicated that head mass had the highest direct effect on seed yield. It can be concluded that the variables head mass and number of seeds per inflorescence (for pollination open) should get due attention in sunflower breeding programs, indirectly contributing to seed yield. In addition, for both pollination tests, the number of seeds per inflorescence has high significant positive correlation to the oil content and may contribute to its increase.
INTRODUCTION
Sunflower (Helianthus annuus L.) is an important oilseed crop in world. The forecast for grain production in 2016/2017 is 43.8 million metric tons in 24.8 million hectares of acreage, with Ukraine, Russia, European Union, Argentina and Turkey being the world's largest producers [1] . For the 2015/2016 growing season, the Brazilian production of sunflower seeds is estimated at 64.2 thousand tons in 51.4 thousand hectares of acreage and average yield of 1,249 kg ha -1 [2] , i.e., 40.8% lower than that of the world average of 1.76 kg.ha -1 [1] .
As it is an allogamous plant, it needs cross-pollination, the presence of pollinating insects is essential for the production of sunflower seeds. In sunflower crop, a 43% increase in grain yield can be achieved with cross-pollination by introducing colonies of insect pollinators, mainly by Africanized honeybees [3] . Nevertheless, in Brazil, this is an uncommon practice, which limits increased production [4] .
Traits related to seed yield components in sunflower have polygenic inheritances that are controlled by several pairs of genes located at different loci on the chromosomes. The characteristics of polygenic inheritance are determined by a combination of genetic (additive and non-additive) and environmental effects. The phenotypic correlations between parameters measure the strength of the relationship of phenotypic values due to genetic and environmental factors [5] . The determination of the agronomic traits in sunflower is of utmost importance in breeding programs because it can help the breeder in the selection, since a certain parameter can change the behavior of another [6 -8] .
In breeding for increasing yield, it is important to find morphological and physiological characteristics that are easily measured and at the same time demonstrate a causal relationship with seed yield and therefore can be used as selection criteria [9] . The breakdown of the estimates of the phenotypic correlations into direct and indirect effects, by path analysis of agronomic traits, gives the breeder the possibility of indirect selection for grain yield [10] .
In several regions of Brazil, breeding programs in sunflower to evaluate and select hybrids and varieties are performed through of the National Sunflower Trials, coordinated by Brazilian Agricultural Research CorporationSoybean (Embrapa Soja). The tests on the network for the selection of sunflower genotypes are held in different environments, favorable and unfavorable, to choose those genotypes with specific adaptation to each type of environment [11, 12] .
Breeding programs that include the effect of pollination under plant genotypes, like abundance and/ or scarcity of pollinators that are responsible for higher yield in sunflower, for selecting the best genetic materials are scarce. The motivation of this study was due to lack of studies reporting the effect of pollination on the estimates of the correlation coefficients of productive components in sunflower. The aim was to determine the magnitude of these correlation coefficients, after their partitioning into direct and indirect effects on grain yield. The hypothesis of our study is that the pollination process can influence the estimates of associations between productive component traits in sunflower, which would entail different strategies in each production system, optimizing gains in breeding programs.
The present study estimated direct and indirect effects of correlations by path analysis of some seed yield components of sunflower genotypes under two pollination tests.
MATERIAL AND METHODS
The experiments were conducted in Marechal Cândido Rondon, state of Paraná, Brazil (24º33'40" S; 54º04'00" W; 400 m a.s. 
The experimental design was a randomized complete block in a split plot arrangement, with 16 treatments, four replications and 20 plants per plot and ten plants per subplot. Treatments were a combination of eight sunflower genotypes (Multissol, M734, Catissol 01, Charrua, MG2, Aguará, Helio 360 and Embrapa 122), randomized in the plots and two pollination tests (open and restricted pollination), assigned to the subplots. Before the flowering period, two Langstroth hives with Africanized Apis mellifera were introduced in the experimental area. Twenty inflorescences of each genotype were chosen at random in the useful area of each plot. Ten inflorescences were protected with tulle bags and the other ten were marked, but without isolation. Isolated inflorescences were monitored daily throughout the flowering period to ensure full restriction of flowers to pollinating insects (Fig. 1) .
After maturation, which occurred 90 days after thinning plants, the capitulum were collected and dried in the shade for 30 days, weighed on electronic scales and their diameters measured with a digital caliper. Subsequently, all achenes present in capitulum were removed and processed.
The agronomic traits assessed were: a) main variable -seed yield (kg ha -1 ) and b) explanatory variables -head diameter (cm), head mass (g), 1000 seed weight (g), number of achenes per head, mass of achenes per head (g), first count of germination (%), germination (%) and oil content (%).
The seed yield per treatment was estimated for a harvest standard adjusted to 45.000 plants ha -1 . The moisture content of seeds was determined by the oven method at 105 ºC ± 30 ºC for 24 h, with two replicates of each experimental unit [13] . The seed data was further transformed to 11% standard humidity according to Campos and Sader [14] . The average mass of 1000 seeds of each experimental unit (subplot) was determined from eight sub-samples of 100 seeds, according to Rules for Seed Analysis [13] . The number of achenes per inflorescence was calculated using the equation: total mass of achenes per inflorescence x 1000 seeds / mass 1000 seeds. The average achenes weight per inflorescence was determined by weighing in electronic scale of achenes present in each experimental unit (subplot). The germination test was conducted with four replicates of 25 seeds for each treatment. Seeds were sown in rolls of paper towels moistened with a water volume equal to 2.5 times the weight of the substrate maintained at a constant temperature of 25°C. The count of normal seedlings occurred four (first count of germination) and 11 (germination) days after sowing, according to Rules for Seed Analysis [13] . The oil content in achenes was quantified by extraction hot method in ether with extractor type "Goldfish", with two replicates per treatment [15] .
After the analysis of variance in a split plot arrangement, we considered, for path analysis, the significance of the pollination factor under seed yield, adopted as the main variable. From the matrices of phenotypic correlation between the parameters, estimated in each pollination test, we performed the breakdown of Pearson correlation coefficients into direct and indirect effects, through path analysis. The selection of the independent variables to explain seed yield was based on significance (p<0.05) of the phenotypic correlation matrix coefficients and diagnosis of multicollinearity of X'X matrices. The criterion for multicollinearity analysis was the condition number of the X'X matrix [16] . We performed a Mantel test to determine the relationship between the matrices (open and restricted to pollinators). All statistical analyses were run in software GENES at 5% significance [17] .
RESULTS
The simple effect of pollination test was the factor adopted for the estimation of phenotypic correlations, as it allowed to obtain significant estimates (p < 0.05), possibly due to the larger sample size (n = 32) compared to estimates of samples of traits obtained from the double interaction between sunflower genotypes and pollination tests (n = 4).
In both pollination tests, high significant positive estimates (p < 0.05) of the correlation coefficient were observed between seed yield and the variables head diameter, head mass, number of achenes per head, mass of achenes per head, first count of germination and germination. There was no correlation (p ≥ 0.05) between seed yield and 1000 seed weight in both pollination tests. For the oil content, there was no correlation (p ≥ 0.05) with seed yield in open pollination, but it was positively and significantly (p<0.05) correlated in restricted plants ( Table 1) . .00 a HD -head diameter; HM -head mass; 1000SW -1000 seed weight; NAH-number of achenes per head; MAH -mass of achenes per head; FCGfirst count of germination; GER -germination; OC -oil content; SY -seed yield. *Significant at 5% probability (p > /r/ H: 0/ n = 32). ns -nonsignificant.
The correlation matrix between pollination tests (open and restricted pollination) was weak (r = 0.3), but significant by Mantel's test (p=0.01). The X'X phenotypic correlation matrix of the explanatory variables indicated high multicollinearity (condition number >1000) when all parameters were included in the analysis. After deleting the explanatory variables with the highest condition numbers from the X'X phenotypic correlation matrix in each pollination test, there was a weak multicollinearity, revealing the absence of serious problems for carrying out the path analysis [16] .
The proportion of explained variation (R 2 ) in seed yield in the open and restricted pollination was 0.87 and 0.92, respectively. For open pollination test, the path analysis showed that the parameters head mass and number of achenes per head had the highest direct effects (r = 0.52 and r = 0.46, respectively) compared to the main variable, seed yield. Head diameter and germination presented lower direct effects (r = 0.009 and 0.15, respectively) on seed yield, although they have had high positive correlations with this variable. For restricted pollination test, head mass presented the highest direct effect (r = 0.87) with respect to the main variable. Head diameter and oil content presented negative (r = -0.03) and positive (r = 0.05) direct effects, respectively, on seed yield, although estimates of these correlations were high and positive with this variable ( Table 2) . 
DISCUSSION
There were differences in the magnitude of the phenotypic correlation coefficients between pollination tests (open and restricted pollination) ( Table 1 ) and low correlation, indicated by Mantel's test, between the two correlation matrices. The implications of the tested environmental effects (open and restricted pollination) on the phenotypic correlation coefficients are of fundamental importance for conducting of a breeding program and decision-making. The existing phenotypic variability in the correlation coefficients in each pollination test indicates that genetic improvement strategies should be adopted in each production system, that is, in abundance and scarcity of pollinators.
Studies dealing with differences in magnitudes between production systems are scarce in the literature of sunflower. We did not find relationships between seed yield and 1000 seed weight and we find significant negative correlations between oil content and 1000 seed weight in both pollination tests. In case of early harvesting or early desiccation, the 1000 seed weight may have negative impact on seed yield and oil content [18] . A significant positive correlation was found between seed yield and head diameter (0.63) and between seed yield and 1000 seed weight (0.55), but not between seed yield and oil content [10] . Significant positive correlation were observed between seed yield per plant and the parameters of plant height, head diameter, 1000 seed weight and oil yield [19] . Significant negative correlation values between ether extract content and the parameters of 1000 seed weight and seed yield (r = -0.85 and r = -0.71, respectively) were reported by [20] .
Radić et al. [21] evaluated ten female parental lines of sunflower and registered significant positive correlations between seed yield and the parameters of 1000 seed weight (r = 0.40) and oil content (0.27), but significant negative correlation between seed yield and germination (r = -0.31). In sunflower, seed yield per plant was positively and significantly correlated with head diameter (0.86), plant height (0.78), number of achenes per head (0.67) and number of foliar characteristics (0.67), when genotypes were subjected to good irrigation [22] . However, in the absence of irrigation, the same authors reported that the seed yield per plant was positively and significantly correlated with the parameters of head mass (0.46), head diameter (0.84), number of achenes per head (0.85) and chlorophyll content (0.48).
The high, positive, significant estimates of phenotypic correlations obtained in this study indicate the possibility of promoting increased seed yield (Table 1) . Nevertheless, most of the explanatory variables are correlated with one another, which present the complexity of the relationship between traits related to yield. Therefore, obtaining sunflower genotypes with higher seed yield should be focused when breaking down the correlations into direct and indirect effects, to assess the degree of importance of each of the explanatory variables with the main variable [23] .
The magnitudes of the direct effects of the parameters examined for seed yield, in both pollination tests, were lower than the magnitudes of the estimates of their respective correlations with seed yield ( Table 2) . These results confirm those obtained by Amorim et al. [10] in sunflower.
The phenotypic correlation coefficients of some productive characters were partitioned in direct and indirect effects (Table ) contd..... on seed yield, in each pollination test, to investigate the selection criteria in sunflower breeding. It can be seen that there were differences between tests regarding the magnitude of the coefficient estimates ( Table 2) . For open pollination test, the highest direct effect (0.52) was exhibited by head mass, followed by number of achenes per head (0.46). For restricted pollination test, the highest direct effect (0.87) was exhibited by head mass. Earlier, Radić et al. [21] , conducted a path analysis in sunflower and found that the 1000 seed weight was the parameter with the highest positive direct effect (0.339) and germination presented the greatest negative direct effect on seed yield. Likewise, after applying path analysis on sunflower genotypes grown under water stress or good irrigation, Darvishzadeh et al. [22] , reported that in both conditions the head diameter and the number of achenes per head were the parameters with major positive direct effects on seed yield.
In sunflower, number of achenes per head is conditioned by the number of tubular flowers formed, attractiveness to pollinators and the factors in the external environment during flowering and pollination. To achieve high seed yield per unit area it is necessary to increase the number of seeds per inflorescence up to more than 2.000 [24] . Thus, our results suggest that the breeding for increasing the number of achenes per head and the head mass may significantly contribute to increase seed yield, especially in farming systems with the presence of pollinating insects, in particular Africanized A. mellifera honeybees. Furthermore, in farming systems with shortage of pollinators, among the seed yield components assessed, only head mass was an important component of seed yield.
The sunflower is a crop predominantly cross-pollinated. Numerous studies have reported the increases in grain yield from the cross-pollination by pollinating insects, especially A. mellifera [3, 25, 26] . Chammer et al. [27] reported the importance of pollinators for the sunflower crop and suggest that some grain yield components may be sensitive to the quantity and quality deposited by pollinating pollen stigma in the plant.
Therefore, it is possible to infer that there are other parameters influencing both the magnitude and the direction of the correlations between the explanatory variables and the main variable, seed yield in sunflower. Besides, not there was similarity between the estimates of the phenotypic correlations and direct and indirect effects of the explanatory variables on seed yield in both pollination tests, suggesting that the production system (open and restricted pollination) has influence on estimates of phenotypic correlations between yield components and seed yield.
Also, based on our analysis, it is suggested that more research is required to investigate the relationship between certain parameters associated with the physiological quality of seeds, as well as those associated with seed yield components, to obtain high quality sunflower seeds.
CONCLUSION
It can be concluded that the characters head mass and number of seeds per inflorescence (for opened pollination) should get due attention in sunflower breeding programs, indirectly contributing seed yield. In addition, for both pollination tests, the number of seeds per inflorescence has high significant positive estimate to the oil content and may contribute to its increase.
